INTRODUCTION {#s1}
============

Atrial fibrillation (AF) is the most common arrhythmia and has a significant effect on overall mortality and morbidity \[[@R1]\]. The AF recurrence rate is still high despite therapy \[[@R2]\]. The main reason for the poor efficacy of AF therapy is atrial remodeling, in which the renin-angiotensin system (RAS) is involved \[[@R3]\]. Ang II is an important member of the RAS and is associated with the development of AF. Ang-(1-7), another important member of the RAS, is able to balance the effects of Ang II. Ang II is converted to Ang (1-7) by the ACE homologue Ang-converting enzyme (ACE) 2 \[[@R4]\]. The results of an Ace2 mutant mouse experiment showed that ACE2 negatively regulates RAS activity \[[@R5]\]. Therefore, ACE2 may play an important role in atrial electrical remodeling during AF. However, the detailed mechanism of action of ACE2 in atrial fibrillation has not been fully elucidated. In recent years, researchers have found that TRP channels play a role in many physiological and pathological processes. TRPM7 is the predominant Ca2+ channel in cardiac fibroblasts \[[@R6]-[@R8]\]. Therefore, the aim of this study was to determine whether ACE2 overexpression improves atrial electrical remodeling and function through the Ang II/AT1/TRPM7 pathway.

RESULTS {#s2}
=======

Changes in electrophysiological variables {#s2_1}
-----------------------------------------

The general characteristics of the experimental dogs are shown in Table [1](#T1){ref-type="table"}. No differences in baseline characteristics were observed among the 4 groups. The two basic pericardial atrial effective refractory periods (AERPs) of the right and left atria of all the groups are shown in Table [2](#T2){ref-type="table"}. Compared to the Sham group, the AERPs were significantly reduced in all the experimental groups at 3 weeks after gene transfer. Electrophysiological studies were performed to determine AF induction rates and durations. On the 35th day after gene transfer the AF induction rates of the control and Ad-EGFP groups were significantly increased compared to that of the Ad-ACE2 group. Additionally, on day 35, the AF durations of the control and Ad-EGFP groups were significantly increased compared to those of the sham-operated and Ad-ACE2 groups (Table [3](#T3){ref-type="table"}).

###### General condition of the experimental dogs

                              Sham         Control      Ad-EGFP      Ad-ACE2      *P*
  --------------------------- ------------ ------------ ------------ ------------ -------
  Male                        4/7          4/7          3/7          3/7          0.903
  Weight(Kg)                  23.1±5.0     25.4±5.2     23.7±4.9     25.9±6.6     0.752
  Heart rate(beat/min)        149.3±15.7   145.6±20.6   145.9±19.9   143.7±21.5   0.96
  White blood cell(\*10^9^)   7.8±1.2      7.1±1.4      8.0±2.3      7.8±2.1      0.800
  Hemoglobin(g/L)             175.4±9.4    181.1±7.6    172.4±12.6   177.0±10.7   0.465
  Creatinine(umol/L)          87.9±10.5    84.9±14.9    81.6±15.2    79.9±12.8    0.696
  left atrium diameter (mm)   20.9±3.4     19.6±4.7     18.7±5.6     20.4±6.2     0.865

Note: The P value of one-way ANOVA comparing the four groups; n=7.

###### Change in mean AERP before and 3 weeks after gene transfer

  BCL     Time       Right atria   Left atria                                                           
  ------- ---------- ------------- ------------ ----------- ----------- -------- -------- ------------- -------------
  350ms   baseline   118±10        109±11       108±15      111±12      115±11   107±10   108±17        113±18
          3 weeks    117±14        94±13        93±10\*     106±9\*     114±17   94±15    97±12^\#^     111±10^\#^
  250ms   baseline   108±18        95±10        98±15       101±14      108±9    96±12    99±18         101±21
          3 weeks    107±19        89±12        87±13\*\*   103±9\*\*   109±16   85±15    83±14^\#\#^   98±11^\#\#^

\* indicated as before vs. 3 weeks after gene transfer, P\<0.05; BCL, basic cycle length.

###### Changes in inducibility and duration of AF before and after gene transfer

                       AF cases   AF inducibility (%)   Mean AF duration (s)
  --------- ---------- ---------- --------------------- ----------------------
  Sham      baseline   1          28.6                  25.1±21.7
            3 weeks    3          42.9                  63.6±40.2
  Control   baseline   3          42.2                  91.9±52.6
            3 weeks    7          100                   185.0±87.4
  Ad-EGFP   baseline   3          42.9                  88.1±42.0
            3 weeks    7          100\*                 194.3±89.7\*\*
  Ad-ACE2   baseline   3          42.9                  77.9±45.5
            3 weeks    4          57.1\*                107.1±47.5\*\*

AF cases, the number of dogs having spontaneous or induced AF by procedure stimulation.

\* Compared with Ad-ACE2 and Ad-EGFP: P\<0.05.

\*\* Compared with Ad-ACE2 and Ad-EGFP: P\<0.05.

ACE2 expression and RAS components {#s2_2}
----------------------------------

ACE2 and RAS expression levels in each group were evaluated. ACE2 mRNA expression levels in Ad-EGFP and AF Control dogs were lower than those in Sham dogs. There was no significant difference in ACE2 mRNA expression levels between the above two experimental groups. However, ACE2 mRNA expression levels were significantly increased in Ad-ACE2 dogs compared with other dogs. Western blot analysis showed that ACE2 expression levels were significantly increased in Ad-ACE2 dogs compared with sham-operated dogs but were significantly reduced in Ad-EGFP and Control dogs compared with sham-operated dogs at 3 weeks after gene transfer (Figure [1](#F1){ref-type="fig"}). Compared with the sham-operated and Ad-ACE2 groups, Ang II expression levels were significantly increased in the Ad-EGFP and AF control groups. In contrast, Ang-(1-7) expression levels were lower in the Ad-EGFP and AF-control groups than in the sham-operated and Ad-ACE2 groups. Our experimental data show that rapid atrial pacing significantly reduced ACE2 and Ang-(1-7) expression levels and increased Ang II expression levels (Table [4](#T4){ref-type="table"}).

![Western blot analysis of ACE2 protein levels from atrial tissues\
Compared to Ad-EGFP group, the protein expression level of ACE2 in Ad-ACE2 group was significantly higher. P\<0.01; (n = 7).](oncotarget-08-78726-g001){#F1}

###### Enzyme-linked immunosorbent assay of Ang II and Ang-(1-7)

  ng/g protein   Sham       Control    Ad-EGFP    Ad-ACE2    P
  -------------- ---------- ---------- ---------- ---------- --------
  Ang II         12.9±3.0   25.4±5.7   25.6±7.4   18.2±6.0   \<0.05
  Ang-(1-7)      8.3±1.7    5.3±1.2    4.6±1.7    10.3±3.2   \<0.01

Note: Ad-ACE2 vs. Ad-EGFP; Ang II P\<0.05; Ang-(1-7) P\<0.01.

TRPM7 expression {#s2_3}
----------------

TRPM7 expression was evaluated to investigate the potential mechanisms underlying the effects of ACE2 overexpression on atrial electrical remodeling. TRPM7 protein levels in the Control and Ad-EGFP groups were significantly increased compared to those in the Sham and Ad-ACE2 groups, and there was no significant difference in TRPM7 protein expression levels between the latter two groups (Figure [2](#F2){ref-type="fig"}).

![Western blot analysis of TRPM7 protein levels from atrial tissues\
Compared to Ad-EGFP group, the protein expression level of TRPM7 Ad-EGFP group was significantly higher; (n = 7).](oncotarget-08-78726-g002){#F2}

Cell experiments {#s2_4}
----------------

The functional significance of TRPM7 in atrial fibroblasts \[Mg^2+^\]~i~ regulation was assessed in cells in which *TRPM7* gene was silenced by siRNA. Basal \[Mg^2+^\]~i~ was significantly decreased (*P*\<0.01) in siRNA transfected cells compared with control and non-silencing siRNA-transfected cells. Results were not significantly different between control and non-silencing transfected cells (Figure [3](#F3){ref-type="fig"}).

![\[Mg^2+^\]~i~ was significantly decreased in siRNA transfected cells compared with non-silencing siRNA-transfected cells\
(P\<0.01).](oncotarget-08-78726-g003){#F3}

DISCUSSION {#s3}
==========

Main findings {#s3_1}
-------------

Our study of the effects of ACE overexpression facilitated by gene transfer as a treatment for AF yielded two important findings. First, the balance between ACE and ACE2 is critical to the functional status of the RAS. Second, ACE2 may inhibit TRPM7 expression in atrial tissue during atrial electrical remodeling. To our knowledge, this study was the first to report the effects of ACE2 overexpression, which are mediated by the TRPM7 signaling pathway, on atrial electrical remodeling in experimental studies.

Electrical remodeling and ACE2 overexpression {#s3_2}
---------------------------------------------

AF is the most important pathological condition associated with atrial electrical remodeling. Our present experimental study showed that atrial AF induction rates and AF durations were significantly increased in the AF control group and Ad-EGFP group compared with the ACE2 overexpression group and the sham-operated group. This finding is consistent with those previous studies involving various models, indicating that ACE2 overexpression induced by atrial gene transfer inhibits atrial electrical remodeling \[[@R9]\]. Studies have shown that AERP shortening promotes AF generation and maintenance. Both animal and human studies have demonstrated that AERP shortening which in term promoted the occurrence and persistence of AF \[[@R10]\]. Recent data suggested that ACE inhibitors had no protective effect against AERP shortening and did not abolish the rate adaptation in chronic atrial pacing \[[@R4]\]. Consistent with previous results, in our experiments, ACE2 overexpression inhibited shortening of the AERP, reduced the induction rate of AF and shortened the duration of AF \[[@R10]\]. Therefore, the improvement of atrial electrical remodeling by ACE2 overexpression may be the important mechanism of its effects.

RAS components and ACE2 overexpression {#s3_3}
--------------------------------------

The current evidence indicates that Ang II plays an important role in atrial electrical remodeling during AF \[[@R11]-[@R13]\]. Elevated levels of Ang II and up-regulation of AT1R in the atrial myocardium have been reported in AF patients \[[@R19]\]. ACE inhibitors have also been shown to block Ang II-catalyzed Ang II synthesis but not enzyme-catalyzed Ang II synthesis \[[@R14]\]. Thus, angiotensin II receptor blockers and ACE inhibitors do not completely inhibit RAS activation. In contrast, for the endogenous negative regulation factor, ACE2 converts Ang II to Ang-(1-7) in atrial tissue in AF, thereby exerting greater cardio-protective effects than angiotensin II receptor blockers or ACE inhibitors \[[@R15]\]. Decreasing ACE2 expression during AF may affect the Ang II-dependent signaling pathway. Atrial fibrosis in AF may be induced by antagonistic regulation between ACE and ACE2 expression \[[@R16]\]. Plasma ACE2 activity is elevated in human AF and elevated plasma ACE2 is significantly associated with more advanced LA structural remodeling \[[@R17]\]. Cardiac remodeling could effectively be inhibited through upregulation of the expression of the ACE2-Ang(1-7)-Mas axis and downregulation of the expression of the ACE-Ang II-AT1 axis \[[@R18]\]. A large body of evidence suggests that RAS activation is involved in atrial electrical remodeling \[[@R19]-[@R21]\]. In this study, the atrial RAS was found to be significantly activated in atrial pacing dogs, as demonstrated by increases in Ang II and decreases in Ang-(1-7) levels in these animals; however, atrial ACE2 overexpression reversed these changes. Compared to Ad-EGFP group, the protein expression level of ACE2 in Ad-ACE2 group was significantly higher. The results suggest that atrial rapid pacing gives rise to activation of RAS in atrial tissues, while ACE2 overexpression in atrial tissue leads to a shift of the RAS balance towards the protective axis.

TRPM7 and ACE2 overexpression {#s3_4}
-----------------------------

Recent studies have shown that the transient receptor potential melastatin 7 (TRPM7) pathway is involved in regulating various biological activities \[[@R22]-[@R23]\]. Atrial electrical remodeling is an important feature of AF. Many signal transduction pathways and bioactive molecules participate in atrial electrical remodeling. TRPM7 is a non-selective cation channel that exhibits outward rectifying properties. Under physiological conditions, the inward current mediated by TRPM7 is usually very small. Intracellular Mg^2+^ can inhibit the TRPM channel. In cardiac fibroblasts, TRPM7 is the predominant Ca^2+^ channel \[[@R24]-[@R26]\]. Patients with AF exhibit TRPM7 current densities that are 3- to 5-fold higher than those of patients in sinus rhythm. Consistent with its upregulation in fibroblasts, TRPM7 was also upregulated in the cardiomyocytes of AF patients. Ca^2+^ inflow is much greater in AF fibroblasts than in control fibroblasts. In this study, we noted a significant increase in TRPM7 expression in the atrial tissues of AF control and Ad-EGFP dogs compared to that in the atrial tissues of Sham dogs. Cardiac fibrosis is involved in most cardiovascular diseases. Cardiac fibrosis can block conduction, create electrical heterogeneity, which is associated with the development of arrhythmia. Some researches demonstrated TRPM7 expression inhibited Ang II-induced fibrosis. Besides, knocking down TRPM7 by shRNA, they proved that TRPM7 mediated both calcium changes in cardiac fibroblasts which contribute to fibrosis progress \[[@R27]\]. Consistent with previous results, in our experiments, basal \[Mg^2+^\]~i~ was significantly decreased (*P*\<0.01) in siRNA transfected cells compared with control and non-silencing siRNA-transfected cells. TRP channels are highly expressed in cardiac fibroblasts. TRPM7 has been shown to be essential in TGF mediated fibrogenesis. Thus the Ca^2+^-permeable TRP channels may serve as potential novel targets for developing anti-fibrotic drugs \[[@R28]\]. Previous studies demonstrated that the overexpression of ACE2 inhibited myocardial fibrosis \[[@R29]\]. The results of this study suggest that ACE2 reduces TRPM7 expression, leading to an increase in the atrial tissue ERP, suggesting that ACE2 overexpression mediated by TRPM7 mitigates atrial electrical remodeling. Identification of the TRPM7 channel has complemented and enriched our understanding of the molecular mechanisms underlying atrial remodeling and has provided us with a new target for AF therapies. We acknowledge that this study does not investigated the detailed molecular mechanism of the imbalance of RAS components, particularly the up-regulated or down-regulated mechanisms of those molecules, and need to be further elucidated. The potential role of TRPM7 in atrial electrical remodeling remains to be explored in future studies.

MATERIALS AND METHODS {#s4}
=====================

Ethics statement {#s4_1}
----------------

All the experiments were approved by the Animal Experimentation Ethics Committee of Shanghai Jiao Tong University School of Medicine.

Adenoviral vector construction {#s4_2}
------------------------------

Recombinant adenoviruses carrying the canine ACE2 gene (Ad-ACE2) or a control transgene (Ad-EGFP) were prepared by Shanghai Shenggong Biotechnologies (Shanghai, China).

Animal model and gene transfer {#s4_3}
------------------------------

Twenty-eight mongrel dogs weighing 18-32 kg were randomly divided into the following 4 groups: a Sham-operation (Sham) group, a Control group, an Ad-EGFP group and an Ad-ACE2 group (n=7 in each group). All dogs underwent baseline tests, including 12-lead ECGs, echocardiograms, routine blood tests, and serum creatinine level tests, to exclude unhealthy animals. All the dogs in the Control, Ad-EGFP and Ad-ACE2 groups were paced at 450 bpm for 14 days. Anesthesia was administered as a peritoneal injection of sodium pentobarbital (10 mg/kg). An endocardial pacing electrode was inserted through the right jugular vein \[[@R30]\]. The electrode was subsequently inserted into the subcutaneous pouch of the neck and connected to a pacemaker (Fudan University, Shanghai, China). The animals in the experimental groups were paced at twice the threshold current and underwent ECG monitoring every other day. The dogs in the sham-operated group did not undergo pacing \[[@R31]\]. After 2 weeks, all the dogs underwent thoracotomy and electrophysiological examinations, followed by epicardial gene painting. The animals subsequently underwent postoperative ECG monitoring, and their behavior was assessed daily. On day 21 after gene transfer, all the animals were subjected to electrophysiological and molecular studies.

Electrophysiological studies {#s4_4}
----------------------------

AF induction was defined as P wave disappearance, rapid atrial activity, and irregular ventricular responses, as demonstrated by atrial electrocardiography after programmed atrial stimulation (S1 to S2) and AF duration recording. The effective refractory periods (AERPs) of the left and right atrium were measured at 2 basic cycle lengths (BCLs) (250 and 350 ms). The S1-S2 interval was increased in 5 ms steps, and the AERP was determined to be the shortest S1-S2 interval leading to a transmissible atrial response.

Molecular analysis {#s4_5}
------------------

TRPM7 and ACE2 protein expression levels were determined by Western blotting (1:100 dilution; Santa Cruz Biotechnology, USA). Briefly, dog atrial tissue samples (∼100 mg) were homogenized in lysis buffer and then centrifuged for purification. The electrophoretically separated proteins were transferred onto a nitrocellulose membrane, which was probed with a specific antibody and then incubated with a horseradish peroxidase-conjugated secondary antibody. TRPM7 and ACE2 mRNA expression levels were determined by real-time RT-PCR. The mixture was heated at 56 °C for 2 minutes, 93 °C for 90 seconds and then 93 °C for 15 seconds and 56 °C for 30 seconds for 40 cycles. GAPDH served as an internal control. The results were quantified as Ct values. Ct was defined as the PCR cycle threshold, or the number of cycles required for the amplification products to be detected.

Ang II and Ang-(1--7) levels by ELISA {#s4_6}
-------------------------------------

The levels of Ang II in the atrial tissue were measured using a commercial enzyme-linked immunosorbent assay (ELISA) kit (E-EL-C0224c, Elabscience, China). In brief, the atrial tissue was mechanically homogenized on ice, using a homogenizer. The diluted tissue supernatant was placed in a 96-well goat anti-dog IgG-coated plate and incubated for 2 hours. After incubation, the plate was washed by washing buffer. The amount of Ang II was calculated using a standard curve. A similar method was used to examine the levels of Ang-(1--7) (ZK-C7231, Ziker, China).

Fibroblasts experiment {#s4_7}
----------------------

The study approved by the Shanghai JiaoTong University School of Medicine, Animal Subject Committee for the preparation of cells. Cardiac fibroblasts were isolated from the atrial tissues of mongrel dogs. Cells from passages 1 to 2 were grown to confluence and then stimulated for 40 min in media alone or with drugs. TRPM7 silencing by small interfering RNA (siRNA) is used to confirm that TRPM7 is responsible for the currents. The selective fluorescent probes was used to measure \[Mg^2+^\]~i~. \[Mg^2+^\]~i~ responses to increasing concentrations of extracellular Mg^2+^ (0 to 5 mmol/L) were measured in cells incubated in Mg^2+^-free, Ca^2+^-containing modified Hanks' buffer. Cells were exposed to Mg^2+^-free buffer for 15 to 20 minutes before addition of extracellular Mg^2+^.

Statistical analysis {#s4_8}
--------------------

All quantitative data are expressed as the mean ± SD. Shapiro-Wilk's test was used to determine whether each variable had a normal distribution. Variables were compared between groups using t tests for continuous variables and chi-square tests for categorical variables. Statistical comparisons among the groups were performed by one-way ANOVA. If significant effects were identified by ANOVA, a least significant difference (LSD) t test was used to evaluate the significance of the difference between individual mean values. A 2-tailed P\<0.05 was considered statistically significant (SPSS 22, Chicago, IL).
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